Cyclic-AMP response element-binding protein (CREB) signaling has a critical role in the formation of memories. CREB signaling is dysfunctional in the brains of mouse models of Alzheimer's disease (AD), and evidence suggests that CREB signaling may be disrupted in human AD brains as well. Here, we show that both CREB and its activated form pCREB-Ser 133 (pCREB) are reduced in the prefrontal cortex of AD patients. Similarly, the transcription cofactors CREB-binding protein (CBP) and p300 are reduced in the prefrontal cortex of AD patients, indicating additional dysfunction of CREB signaling in AD. Importantly, we show that pCREB expression is reduced in peripheral blood mononuclear cells (PBMC) of AD subjects. In addition, pCREB levels in PBMC positively correlated with pCREB expression in the postmortem brain of persons with AD. These results suggest that pCREB expression in PBMC may be indicative of its expression in the brain, and thus offers the intriguing possibility of pCREB as a biomarker of cognitive function and disease progression in AD.
INTRODUCTION
Cyclic-AMP response element binding protein (CREB) has long been known to be important for the formation of memories. 1, 2 It is thought that phosphorylation of CREB at Ser-133 (pCREB), followed by the recruitment of critical transcription factors such as CREB-binding protein (CBP) and p300, allows the transcription of genes such as Egr-1 (zif268) which are required for memory formation. 3, 4 We and others have shown that CREB signaling is dysfunctional in mouse models of Alzheimer's disease (AD), a disease characterized by cognitive decline and memory impairments. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, relatively little work has been carried out to investigate CREB in humans with AD. Two papers have shown that total and activated CREB are reduced in the postmortem hippocampus of individuals with AD, which supports the idea that CREB signaling is defective in AD. 17, 18 However, these observations were based exclusively on postmortem brain tissue, which represents an end state. Thus, it remains unclear whether CREB signaling is impaired during disease progression. Moreover, the analysis was confined to the hippocampus and lacked cellular fractionation, which are important considerations for the interpretation of CREB function. [19] [20] [21] [22] Most importantly, whether this impairment is echoed peripherally and can be detected in living persons remains unknown. To examine CREB signaling during disease progression, we chose to look at CREB expression in peripheral blood mononuclear cells (PBMC). 23 We examined pCREB, Total CREB and CBP in the PBMC of individuals with AD, mild cognitive impairment (MCI) and age-and educationmatched, cognitively intact controls. We then compared the expression level of pCREB and CBP in PBMC with the expression level in the brain to determine whether peripheral pCREB or CBP reflects their expression level in the AD brain. First, we observed that Total CREB and pCREB are decreased in the nuclear fraction of postmortem prefrontal cortex (PFC) in individuals with AD when compared with age-matched, cognitively normal controls. We observed a similar reduction in the expression of the transcription cofactors CREB-binding protein (CBP) and p300, which are critical for CREB signaling. 24 In support of the significance of this observation, previous research in mice has indicated that deficits in CBP result in cognitive impairments, [25] [26] [27] and we have previously reported deficits in both CBP and p300 in a mouse model of AD. 6 However, we believe this is the first evidence of diminished CBP or p300 in human AD PFC. We also observed a significant reduction in pCREB and CBP expression in PBMC isolated from AD patients compared with non-AD individuals, and trending reductions, albeit insignificant, in the level of Total CREB and the ratio of pCREB to Total CREB. Importantly, pCREB expression in PBMC positively correlated with pCREB expression in the postmortem PFC, indicating that pCREB expression in the PBMC may be indicative of pCREB expression in the brain in AD. Finally, in contrast to a previous report, we found no association between pCREB expression in the PFC and the severity of amyloid or tau pathology. 18 This observation is important because it suggests that reduced pCREB expression in the PFC is not simply a result of increased brain pathology and degeneration. The results presented here show that pCREB is impaired in AD brain and PBMC and offer the exciting possibility that pCREB may be a useful biomarker for cognitive function in AD.
groups across the USA. Individuals undergo clinical evaluation, blood draw and brain donation at death. A subset agreed to annual blood draws. The clinical evaluation includes 21 cognitive performance tests which are used to inform on diagnoses of dementia, AD and MCI. 30, 31 The follow-up rate exceeds 95% and the autopsy rate exceeds 90%. At the time of death, a neurologist reviews all clinical data and provides a summary diagnosis without access to neuropathologic data. At the time of these analyses, more than 1200 participants had enrolled and more than 600 autopsies obtained. The study was approved by the Institutional Review Board of Rush University Medical Center. All participants signed an informed consent and an Anatomic Gift Act for organ donations. Only female persons were used in this study. Demographic data are summarized in Supplementary Table 1 . See Supplementary Methods for description of PBMC and PFC isolation.
Nuclear protein extraction and western blot Nuclear protein from PBMC and PFC was extracted and analyzed by western blot as previously described. 6 Analysis of protein level Protein levels were normalized using densiometric measurements from ImageJ software by dividing the densiometric value for Total CREB, pCREB, CBP, p300 or PKA by the densiometric value for Lamin. For most of the PBMC samples, nine samples were run per gel; three AD, three MCI and three Normal. For the PFC and the associated PBMC, either five or four samples per AD or Normal group were run per gel. Z-scores were then calculated for the normalized values. 32 Statistical analysis A Shapiro-Wilk test was used to confirm the normality of distribution (GraphPad Prism, La Jolla, CA, USA). To determine sample number, a power analysis was carried out on a preliminary experiment of PFC samples (G*Power). For the PBMC experiments, the PFC sample size was used as a starting point for sample number, and more samples were added as available. For PFC comparisons, a two-tailed, unpaired t-test was used. For PBMC comparisons between Normal, MCI and AD, a one-way analysis of variance was used, and one-tailed, unpaired t-tests were used for secondary analysis. For PBMC comparisons between Non-AD and AD, one-tailed, unpaired t-tests were used. For PBMC and PFC correlations, linear regression was used. For amyloid and tau pathology comparisons, a two-tailed, unpaired t-test was used. For PFC pCREB and pathology correlations, a Pearson test was used.
RESULTS
CREB signaling components are reduced in the PFC of individuals with AD First, we examined the levels of Total CREB, pCREB, CBP, p300 and PKA in the nuclear fraction of postmortem PFC of individuals with a clinical diagnosis of AD and cognitively intact controls matched for age and education. We observed reduced levels of pCREB and Total CREB, in the PFC of AD individuals (Figures 1a-c) . These results are in agreement with previously reported observations of Total CREB and pCREB levels in postmortem AD hippocampus. 17, 18 However, to our knowledge, this is the first report of reduced Total CREB and pCREB in AD PFC, and suggests that pathology is not confined to the hippocampal formation. In addition to reduced expression of Total CREB and pCREB, we also had the novel observation that CBP and p300, transcription cofactors critical for CREB signaling, are reduced in AD PFC (Figures 1a, d and e). This result suggests that multiple impairments may exist in the CREB signaling components in AD brain as we have previously reported in the APPswe/PS1ΔE9 mouse model of AD. 6 These results also suggest that reduced CREB signaling in the AD brain may have a role in cognitive dysfunction in AD. Interestingly, we did not observe reductions in nuclear protein levels of PKA, suggesting that either impaired CREB phosphorylation in AD PFC may not be a sole result of decreased PKA or that PKA expression does not reflect its activity (Figures 1a and f).
pCREB and CBP are reduced in the PBMC of individuals with AD Next, we examined the levels of pCREB, Total CREB and CBP in the PBMC of individuals with clinically diagnosed AD, MCI and ageand education-matched controls to determine whether pCREB, Total CREB and CBP are also reduced in AD PBMC. We observed a nonsignificant reduction in pCREB expression in the PBMC of individuals with AD when compared by a one-way analysis of variance with individuals with MCI or cognitively normal individuals, and observed no difference between PBMC from normal or MCI individuals (Figures 2a and c) . To examine whether reduced pCREB is indicative of a definitive AD diagnosis, we examined pCREB expression in PBMC of individuals with AD compared with non-AD. We observed that pCREB level was significantly lower in AD PBMC compared with non-AD PBMC by a one-tailed, unpaired t-test. (Figure 2d ). Next, we examined Total CREB in PBMC and observed a trending, but nonsignificant, decrease in Total CREB in AD PBMC when compared with non-AD PBMC (Figures 2e and f). The ratio of pCREB to Total CREB in PBMC also showed a nonsignificant reduction in AD PBMC when compared with non-AD PBMC (Figures 2g and h ). These results suggest that reduced pCREB in AD PBMC may be a combination of reduced levels of total protein and impaired phosphorylation. Next, we measured CBP in the PBMC of clinically diagnosed AD patients, MCI or age-and education-matched controls. We observed a significant difference in CBP expression by a one-way analysis of variance, and follow-up analysis revealed that CBP expression was significantly lower in individuals with AD compared with individuals with MCI ( Figure 2i ). Because we did not observe a difference in CBP expression between normal and MCI, we hypothesized that levels of CBP too are reduced in definitive AD. As with pCREB, we observed that CBP is significantly lower in the PBMC of individuals with AD when compared with individuals without AD (one-tailed, unpaired t-test, Figure 2j ). These results suggest for the first time that CREB signaling deficits in the brain may also be apparent systemically, and offers the intriguing possibility that the expression of CREB signaling components in PBMC may be used as a readout for CREB signaling in the brain.
Association of pCREB in PBMC with pCREB in brain PFC To address the possibility that CREB signaling components in the PBMC might be indicative of CREB signaling in the brain, we compared pCREB and CBP in PBMC of AD or cognitively intact individuals with pCREB and CBP of the corresponding postmortem PFC. For this purpose, we used PBMC and PFC from 20 normal and 21 AD individuals (Figure 3a) . We observed a weak positive correlation between pCREB expression in PBMC and expression in the brain by a linear regression analysis (Figure 3b) . However, the PBMC in this experiment were isolated as many as 4-5 years prior to death, and thus temporally mismatched with brain readout. We hypothesized that by narrowing the interval between blood sample draw and death, we might observe a stronger relationship between expression in the blood and expression in the brain. Therefore, we performed an additional analysis in which PBMC that were drawn from patients 3 years or less from the time of death (that is, time of postmortem brain collection; 13 normal and 11 AD) were included. We observed a significant positive correlation by a linear regression analysis between pCREB expression in the PBMC and pCREB expression in the PFC for all samples, when the time interval between PBMC sample draw and postmortem brain sample collection was less than 3 years (Figure 3c ). Examining the association between pCREB expression in PBMC and brain of cognitively intact individuals revealed weak correlation (Figure 3d ). However, a very strong positive correlation was observed in the AD individuals (Figure 3e) . These results strongly suggest that pCREB in the PBMC reflects pCREB signaling in the brain, and that this correlation is particularly strong in AD. These results suggest that pCREB in PBMC may serve as a noninvasive marker for pCREB expression in the brain.
Association of CBP in PBMC with CBP in brain PFC
We also compared CBP expression in the PBMC with CBP expression in the PFC (Figure 4a ). We observed no correlation between PBMC CBP and PFC CBP (Figure 4b) . Analysis of PBMC samples drawn within 3 years prior to death (Figure 4c ) as well as analyzing the correlation inside diagnostic group, that is, in normal individuals or in AD patients (Figures 4d and e) revealed no correlation between CBP in PBMC and in PFC. This result suggests that whereas CBP may be independently reduced in both PFC and PBMC in AD, the relationship between PBMC and PFC on an individual level is not correlative at our sample size.
pCREB expression in the PFC does not correlate with pathological hallmarks of AD We have previously shown that deficits in CREB signaling precede onset of amyloid deposition in a mouse model of AD. 6 Thus, we hypothesized that the deficits in CREB signaling are not necessarily the result of advanced AD pathology. To examine this hypothesis in the human disease, we compared pCREB expression Reduced pCREB in AD brain and blood N Bartolotti et al in the PFC with amyloid and tau pathology scores for the entire brain and for the superior frontal gyrus. Although we observed increased pathology in the AD group (Figures 5a and c) , we did not observe a relationship between either amyloid or tau pathology and PFC pCREB expression by a Pearson correlation analysis (Figures 5b and d, Supplementary Figure 1) . These results support the hypothesis that dysfunctional CREB signaling in AD is not simply the result of increased amyloid or tau pathology, in contrast to a previous report, 18 and offers the intriguing possibility that CREB signaling components may serve as novel, accessible markers of cognitive function and disease progression.
DISCUSSION
In this study, we have made several novel observations and suggest that they are mechanistically and diagnostically indicative of AD. First, we confirmed an earlier observation that Total CREB and pCREB are decreased in postmortem AD brain. 17, 18 We have also made the novel observation that in addition to previous reports of lower postmortem pCREB and Total CREB in the hippocampus, this deficit is also present in the PFC. The PFC is vulnerable to neurodegeneration in AD, [33] [34] [35] [36] and enhancing CREB phosphorylation in the brain through phosphodiesterase inhibitors has been shown to improve performance in PFC-dependent Reduced pCREB in AD brain and blood N Bartolotti et al memory tasks in macaques. 37 Our data suggest that one mechanism underlying cognitive impairment in AD may be reduced CREB signaling. It should be noted that levels of CREB and pCREB in postmortem PFC samples represent steady state levels of these proteins, rather than activity-dependent expression. This observation supports our previous finding in a mouse model of familial AD, where pCREB levels were reduced at steady state and following learning, compared with wild-type counterparts. These results suggest that CREB impairments in AD are not restricted to active learning, and a reduction in availability of CREB signaling components may be a feature of AD contributing to cognitive dysfunction. 6 Furthermore, we are the first to report that the CREB transcription cofactors CBP and p300 are reduced in the postmortem AD brain. CBP recruitment following CREB activation is a critical event in facilitating the CRE-based gene transcription thought to underlie the formation of long-term memory, and enhancing CBP has been previously shown to rescue cognitive deficits in a mouse model of AD. 11, 25 Dysregulation of CBP may contribute to the abnormal epigenetic regulation of immediate early genes in the PFC. 38 Our observation that CBP is reduced in AD PFC strengthens the evidence that CREB signaling is dysfunctional in AD, and offers another potential therapeutic target for the treatment of AD. Our observation that protein levels of p300 are reduced in AD PFC is intriguing in light of the fact that p300 has been hypothesized to be overactive in its function of acetylating tau in AD. [39] [40] [41] We cannot exclude the possibility that protein expression of p300 may not be indicative of its activity level, and future experiments will determine the nature of p300 dysfunction in AD.
Interestingly, we did not observe deficits in PKA expression in AD PFC. This may suggest that either the impairments in CREB phosphorylation cannot be solely attributed to PKA activity or that PKA protein expression does not faithfully reflect its activity. CREB is a substrate for many kinases, including PKC, CaMKII, CaMKIV, MSK and RSK. 42 Therefore, the source of impaired CREB phosphorylation in AD PFC remains an open question for further investigation.
Next, we show that pCREB and CBP expression is significantly reduced in PBMC of AD patients. Examination of CREB expression in PBMC offers a noninvasive route for monitoring its signaling in the brain and thus perhaps cognitive functioning. We therefore asked whether Total CREB, pCREB and CBP were also reduced in the PBMC of individuals with AD as they are in the PFC. We observed that levels of pCREB and CBP in the PBMC of individuals with AD were significantly reduced compared with the non-AD samples. These data suggest that the reduction in CREB and CBP expression may be tied to the onset of AD, rather than general cognitive impairments. We did observe high variability in our PBMC analysis. One explanation for this may be that many of the individuals in our PBMC analysis are still alive, and we cannot rule out the possibility that the individuals in the normal or MCI groups may yet develop AD or other neurodegenerative disease. Future experiments should examine a time course of samples drawn from the same individual over time to determine whether pCREB and CBP decline following the onset of AD. In addition, we observed a trending reduction in Total CREB expression in AD PBMC, as well as a trending reduction in the ratio of pCREB to Total CREB. These results suggest that the reduction in pCREB in AD PBMC may be a result of both reduced levels of Total CREB and impairments in phosphorylation. Additional experiments will be necessary to determine the cause of impaired phosphorylation in AD PBMC, and whether this mechanism is autonomous. One possible mechanism for the impairments in CREB phosphorylation is through kinase function. CREB in PBMC responds to many of the same kinases as neuronal CREB (for review, see Kuo and Leiden 43 ), suggesting the possibility of common regulatory pathways. For example, granulocyte-macrophage colony-stimulating factor has been shown to activate CREB in leukocytes via RSK. 44 Interestingly, peripheral administration of granulocyte-macrophage colonystimulating factor to a mouse model of AD has been shown to improve cognitive function. 45 Similarly, mice deficient in CaMKIV not only exhibit impairments in memory, but also exhibit impaired CREB phosphorylation in T cells. 46, 47 Therefore, impairments in kinase function may be a possible mechanism underlying dysregulation of CREB phosphorylation in both blood and brain. In addition, we cannot exclude the possibility that brain-derived factors may have a role in CREB metabolism in PBMC. Importantly, we observed a positive correlation between pCREB expression in PFC samples and temporally matched blood samples. This correlation was particularly strong in AD individuals. This analysis provides the first evidence that pCREB expression in PBMC may be correlated with pCREB expression in the brain. Thus, it appears that impairments in pCREB in AD may be a long-lasting phenomenon. More experiments are warranted to determine the predictive power of pCREB as a blood biomarker for cognitive dysfunction in AD.
We also analyzed the relationship of CBP expression in the PBMC and PFC. In these analyses, we did not observe a significant relationship between PBMC and PFC CBP. However, it is clear from our data that a great deal of variability exists in the CBP samples and therefore this phenomenon may be explained by sample size too low to account for the variability in the samples. Indeed, we did not observe a significant reduction in CBP in our primary analysis of normal PBMC compared with AD PBMC, and only observed a significant difference when we combined the normal and MCI individuals for higher power. Therefore, although it appears that a negative correlation exists between PFC CBP and PBMC CBP in the normal and AD groups when analyzed separately, the overall correlation may be too weakly powered to draw definitive correlations when analyzing across groups.
Finally, we did not observe a correlation between amyloid or tau pathology and pCREB expression in the PFC. This observation is important because it suggests that declining pCREB expression is not simply the result of increased AD pathology. Although it has been proposed that amyloid and tau may interact with CREB signaling components, 18, 40, 48, 49 our experiments in a mouse model of AD suggest that CREB signaling components may be Reduced pCREB in AD brain and blood N Bartolotti et al dysfunctional prior to the onset of amyloid deposition and neurofibrillary tangles, and therefore the cause of CREB dysfunction may be independent of theses lesions. 6 Similarly, enhancing CBP in a mouse model of AD is able to rescue cognitive function without affecting pathology. 11 Indeed, it is well known that the severity of AD pathology is poorly associated with cognitive function during life. 50, 51 Therefore, the fact that we do not observe a correlation between pathology and pCREB might mean that pCREB could be more indicative of cognitive function than severity of pathology. In summary, the results presented here offer an exciting start for further studies examining CREB signaling in AD, as well as offer a novel candidate for a blood biomarker to monitor cognitive functioning in AD.
